Stress 201 Tl myocardial Scintigraphy
Stress 201 Tl myocardial scintigraphy was performed within 3 months of cardiac catheterization in all cases; the mean time interval between scintigraphy and catheterization was 33.3±30.2 days. Exercise 201 Tl myocardial scintigraphy was carried out in 137 patients and comprised symptomlimited multistage exercise on a bicycle ergometer in the sitting position at an initial workload of 25 or 50 W, and increments of 25 W every 3 min. 11 When the submaximal heart rate was attained, or when the patient developed typical chest pain, ST-segment elevation or depression of 1 mm or more, lower limb fatigue, or severe arrhythmia, 111 MBq of thallium chloride was administered intravenously. Exercise was continued for 1 more minute after the injection. The initial imaging scans were acquired 5 min after the end of the exercise.
In the remaining 28 patients, pharmacological stress scintigraphy was performed ≥15 h after the cessation of cardioactive medication. Dipyridamole was infused at 0.57 mg/kg over 4 min, followed by exercise on a bicycle ergometer for 4 min at a low workload of 25 W. 12 As with exercise stress scintigraphy, 1 min before the end of the exercise, 111 MBq of thallium chloride was injected intravenously. Scintigraphic scanning was commenced within 5 min of terminating the pharmacological test. In both the stress scintigraphy procedures, delayed images were obtained 4 h later in all patients.
A digital gamma camera equipped with a low-energy high-resolution parallel multi-hole collimator (Prism 2000 XP, Picker; Cleveland, OH, USA) was rotated over a 180°a rc. SPECT image processing was conducted on an image data processor (Odyssey VP, Picker) using a Butterworth filter (with a cutoff value of 0.25 and an order of 8) and Ramp filter. Images were divided into 11 segments and care was taken to select the segments that were specific for individual coronary territories (Fig 1) : segments 1-5 for the region supplied by the left anterior descending (LAD) coronary artery, segments 6-8 for the region supplied by the left circumflex (LCx) artery, and segments 9-11 for the region supplied by the RCA. Scintigraphic findings in segments for which the FFR was calculated were visually assessed by 3 cardiologists on a scale of 0-3 : 0 = normal; 1 = mild reduction of uptake; 2 = moderate reduction of uptake; and 3 = severe reduction or absence of 201 Tl uptake. The sum of the scores for the segments of the vessel investigated among the 11 segments was defined as the defect score. Disagreement was resolved by consensus. The difference between the defect score for the delayed image and that for the initial image was defined as the reversibility score and if it was ≥1, myocardial ischemia was considered to be present. 201 Tl myocardial scintigraphy images. The vertical-long, short, and horizontal-long axis views were divided into 11 segments and analyzed. The magnitude of reduction in thallium uptake was scored as 0-3 in individual segments: 0 = normal; 1 = mildly reduced; 2 = moderately reduced; and 3 = severely reduced thallium uptake. The defect score was defined as the total score in the segments supplied by the vessel of interest. LAD, left anterior descending coronary artery; LCx, left circumflex artery; RCA, right coronary artery. . Mean coronary pressure is lower than aortic pressure in the site distal to the stenotic lesion at the baseline. During hyperemia, a further reduction of the distal coronary artery pressure occurs and then, FFR is calculated by the formula. Pa, mean aortic pressure as measured at the coronary ostium during maximal hyperemia; Pd, mean distal coronary pressure during maximal hyperemia; Pv, mean central venous pressure. 
Coronary Angiography and FFR
Multidirectional coronary angiography was performed using Judkin's technique in all patients. Luminal diameter narrowing ≥75% was considered to represent significant stenosis, in accordance with the American Heart Association (AHA) classification. 13 In all patients, intracoronary pressure was measured for the vessels that were angiographically suspected to be inducing myocardial ischemia. A 0.014-inch guidewire with a mounted pressure sensor (Pressure Wire TM , Radi Medical Systems; Uppsala, Sweden) was placed across the lesion. To induce a maximal hyperemic vascular response, 8 mg and 12 mg of papaverine hydrochloride as a vasodilator of resistance vessels was injected into the LCA and RCA, respectively. Under maximal hyperemia, the pressure distal to the stenosis at the guidewire and the pressure proximal to the stenosis at the tip of the catheter were measured, and the calculated gradient ratio was expressed as the FFR (Fig 2) . 2, 8 
Statistical Analysis
Data are generally expressed as mean ± SD. Comparison between variables was performed using the t test or the chisquared test, and in addition, Fisher's test where appropriate. Analysis of variance (ANOVA) was performed for comparisons among 3 groups or more. Correlation between the FFR and the defect score was tested by linear regression analysis; p<0.05 was considered indicative of significant difference.
Results

Correlation Between Coronary Artery Stenosis and FFR
The clinical and angiographic characteristics in 165 patients and 194 vessels are summarized in Table 1 For all 194 coronary territories investigated, initial defect, delayed defect and reversibility scores in individual territories were 4.0±4.2, 2.1±2.9, and 1.9±2.8, respectively; the corresponding scores for infarct-related territories were 6.8±3.9, 4.5±3.2, and 2.3±2.9, and for non-infarct-related territories, they were 2.5±3.4, 0.8±1.5, and 1.7±2.7, respectively. Twelve territories related to a previous MI (17.1%) were associated with severely reduced 201 Tl uptake.
Detection of Myocardial Ischemia Using FFR
The sensitivity, specificity and accuracy of an FFR <0.75 for the detection of myocardial ischemia as defined by 201 Tl SPECT were 79%, 73% and 76%, respectively (Fig 3) . The presence or absence of classical risk factors for CAD, including hypertension, hyperlipidemia or cigarette smoking, did not affect the diagnostic performance, but the sensitivity of the cutoff value was significantly higher in patients with diabetes mellitus than in those without ( Table 2) . No confounding effects of multiple risk factors on the diagnostic performance of FFR were observed ( Table 2 ). The sensitivity, specificity and accuracy of an FFR <0.75 for myocardial ischemia were consistent in patients with multiple stenoses in addition to the vessels in which FFR was measured, regardless of the presence or absence of a previous MI (Table 3) . Furthermore, the diagnostic performance of the FFR for myocardial ischemia was similar for ischemia in each of the coronary artery territories (Fig 4) . (Fig 5) A regression curve plotting reversibility score and FFR showed a significant negative correlation between them (r = [7] [8] [9] 14 and in the present study, the cutoff value of the FFR was considered to be between 0.73 and 0.78 in the range of reversibility score = 0 to reversibility score = 1 on the regression curve.
Correlation Between FFR and the Reversibility Score
Discussion
We have shown that the FFR <0.75 correlates well with the presence of reversible defects on myocardial 201 Tl scintigraphy, an established method of diagnosis of myocardial ischemia. Others have reported that the cutoff value of FFR for the diagnosis of myocardial ischemia is <0.75-0.80, [7] [8] [9] and in the present study, the sensitivity, specificity and accuracy of the FFR <0.75 for the diagnosis of myocardial ischemia as defined by myocardial scintigraphy was 79%, 73%, and 76%, respectively. These diagnostic values are regarded as high when the study population is taken into account: a heterogeneous group of patients including those with multivessel disease and previous MI. The cutoff value of <0.75 had been initially estimated from data obtained from a select group of patients with single-vessel disease without previous MI, showing a sensitivity of 88% and specificity of 100% for scintigraphic evidence of myocardial ischemia. 9 Then, this value was validated in select groups of patients with multivessel disease and those with prior MI: sensitivity of approximately 69% and specificity of approximately 79% in multivessel disease, 15 and sensitivity of 82% and specificity of 87% in prior MI. 16 It is not uncommon in daily clinical practice to encounter patients with CAD who develop acute MI without a history of angina, 17 and in addition, more than half of the patients who undergo coronary angiography have multivessel disease. 18 Our current results indicate that the cutoff value of <0.75, based on established data obtained from the aforementioned groups of patients, may also be extensively applicable to a heterogeneous group of patients in actual clinical settings.
The sensitivity and specificity of the FFR <0.75 for the detection of myocardial ischemia in the 124 non-infarctrelated arteries was 80% and 72%, respectively, and for the detection of myocardial ischemia in the 70 infarct-related arteries was 79% and 75%, respectively. These findings are consistent with a recent report by De Bruyne et al 16 and suggest that the presence of myocardial ischemia correlates well with an FFR <0.75 in all cases, regardless of the presence or absence of MI. Theoretically, in the infarct-related area, the amount of viable myocardium distal to the stenosis is reduced after MI, associated with a decrease in absolute hyperemic blood flow and this may result in underestimating the pressure gradient in epicardial stenosis during hyperemia. Therefore, for a similar degree of stenosis, the FFR value depends on the mass of viable myocardium, 16 although it is possible that papaverine induces a hyperemic response of the residual vessels in the territories without myocardial viability. In the present study, the diagnostic value of FFR was similar, regardless of the presence or absence of MI and this could be because coronary intervention during the acute phase of MI allowed a significant amount of jeopardized myocardium to become viable, because a severe reduction of 201 Tl uptake was not observed in most patients with previous MI. Thus, in the era of coronary intervention for acute MI the FFR is considered to be a useful diagnostic tool in most patients with a previous MI in whom considerable myocardial viability is retained.
During the measurement of FFR in multivessel disease, the influence of other lesions on the stenosis of interest should be examined as well. To calculate the FFR, the pressure distal to the stenosis and the pressure proximal to the stenosis (mean aortic pressure) must be measured using a specific guide wire and it is unlikely for only 1 of these 2 measurements across the stenosis to be affected by other stenoses. Accordingly, the FFR and the gradient ratio between the distal and proximal pressures across a stenosis would be expected to be influenced slightly or not at all by other stenoses. In fact, the sensitivity (87% vs 75%) and specificity (77% vs 70%) and accuracy (82% vs 73%) of the FFR were slightly higher in patients with multiple significant stenoses than in those with a single stenosis, but the difference did not achieve statistical significance. The diagnostic performance of FFR in patients with multivessel disease may partly be the result of the analyzing system of 201 Tl images, in which specific scintigraphic segments for individual coronary arteries were selected. These findings indicate that the FFR may also be considerably useful for the evaluation of myocardial ischemia even in patients with multivessel disease, which is consistent with a recent report. 15, 19 Many studies have reported a correlation between an FFR <0.75 and myocardial ischemia, but the assessment of myocardial ischemia was evaluated by different noninvasive tests such as exercise electrocardiography, stress myocardial scintigraphy, or dobutamine stress echocardiography. Furthermore, the extent and severity of stress-induced myocardial ischemia was not examined: albeit the presence or absence of myocardial ischemia. We performed a semiquantitative analysis of the 201 Tl SPECT findings, based on the degree of reduction of 201 Tl uptake reflecting the extent and severity of myocardial ischemia. 20 To examine the validity of the diagnostic method using an FFR <0.75, a regression curve was plotted using FFR and 201 Tl uptake and this revealed a significant negative correlation between an FFR <0.75 and the thallium-derived reversibility score. Furthermore, the cutoff value of FFR was presumed to be between 0.778 and 0.733 in the range of a reversibility score = 0 to reversibility score = 1. These findings appear to validate the diagnostic usefulness of an FFR with a cutoff point of 0.75 based on the analysis of extent and severity of myocardial ischemia.
In conclusion, in the actual clinical setting of a heterogeneous group of patients including those with multivessel disease and previous MI, the sensitivities and specificities of FFR in comparison with 201 Tl myocardial imaging remain high (range 70-87%), which is the best possible correlation to be expected in such patients. Thus, FFR can be considered a reliable marker for decisions regarding coronary intervention in those patients to whom stress 201 Tl myocardial imaging is difficult to perform, such as those with unstable angina.
